We consider nearly equal number of gauge mediation type charged (anti-) Q-balls with charge of α −1 137 well before the BBN epoch and discussed how they evolve in time. We found that ion-like objects with electric charges of +O(1) are likely to become relics in the present universe, which we expect to be the dark matter. These are constrained by MICA experiment, where the trail of heavy atom-like or ion-like object in 10 9 years old ancient mica crystals is not observed. We found that the allowed region for gauge mediation model parameter and reheating temperature have to be smaller than the case of the neutral Q-ball dark matter.
Introduction
Affleck-Dine mechanism [1] is a promising candidate for baryogenesis based on supersymmetric (SUSY) theories due to its consistency with the observational bound on reheating temperature which avoids the gravitino problem [2] . In the Affleck-Dine mechanism, baryon number is generated from rotation in the phase direction of baryonic scalar field such as squark, which we call Affleck-Dine field, since baryon number has the meaning of angular momentum in complex plane of the field. After the Affleck-Dine mechanism, the spatial inhomogeneities of the Affleck-Dine field due to quantum fluctuations grows exponentially into non-topological solitons, which are called Q-balls [3, 4, 5] . They are defined as spherical solutions in a global U (1) theory which minimize energy of the system with U (1) charge fixed [6] . Although Q-ball is stable against decay into heavy particles, such as squarks and sleptons, Q-ball may gradually decay into quarks and/or leptons from its surface. In this case, the final baryon number that contributes to the BBN is carried by quarks produced through the decay of Q-balls. However, in gauge mediated SUSY breaking models, a baryonic Q-ball with sufficiently large charge can be stable against decay into nuclei (i.e., quarks) [7] , while a leptonic Q-ball can decay into leptons since some leptons are much lighter than nuclei.
In our previous work [8] , we focused on gauge mediation type Q-balls that carry both baryon and lepton charges which can be formed after the Affleck-Dine baryogenesis with u c u c d c e c flat direction, for instance. We found that it is possible for the Q-balls to be electrically charged, which we call charged or gauged Q-balls [9] , due to the decay into charged leptons, until the electric charge becomes α −1
Further decay is suppressed by Schwinger effect
1 , and the charged Q-balls are stable by virtue of the stability of the baryonic component. We can expect that the charged Q-ball is dark matter in the present universe. The charged Q-balls capture the other charged particles and form atom-like, or ion-like objects which may make differences in the experimental signatures compared to neutral Q-balls. For instance, Q-balls can be detected by Super-Kamiokande [10, 11] or IceCube [12] , which probe the KKST process [13] where the Q-ball absorbs quarks and emits pions of energy ∼ 1GeV. However, the charged Q-ball relics also experience the electromagnetic processes, so the detection of those processes are applicable. Various relevant experiments and upper bounds on the flux of the relics from the charged Q-balls are presented in Ref. [10] . The most stringent constraint comes from MICA experiment [14] , where they claimed that the trail of heavy atom-like or ion-like object in 10 9 years old ancient mica crystals is not observed.
Its observation time is equal to the age of the mica, so that its constraint on Q-ball flux is much severer than those from other experiments. We found that the MICA constraint is more stringent than that from IceCube. In this paper, we assume that besides the positively charged Q-balls, nearly equal number of negatively charged anti-Q-balls of charge |Z Q | ∼ α −1 are formed as well, which is usually the case in gauge mediation model as we will mention in the next section. We make a rough predictions on the evolution of them, especially on when the recombination process with the other particle species in the universe takes place. Our main purpose is to identify the eventual relics in the present universe and apply the MICA constraint on the relics. Consequently, we find that the constraint translates into that on gauge mediation model parameter and reheating temperature.
Q-balls in gauge mediated SUSY breaking model
We consider the minimal gauge mediation model [15, 16, 17] , where SUSY is spontaneously broken by F-term of a field Z:
The soft breaking effect is mediated to the observable sector by messenger fields Ψ andΨ, a pair of some representations and anti-representations of the minimal GUT group SU (5), through the following interactions:
where k is a Yukawa constant, and M mess is messenger mass. An AD field in this model obtains the following potential [3, 18, 19] by the above soft breaking effect:
Here the first term comes from gauge mediation effect and
where g generically means the gauge coupling of the standard model [18] . The second term comes from gravity mediation effect and the gravitino mass m 3/2 is given by
where M P = 2.4 × 10 18 GeV is the reduced Planck mass. K is a constant parameter that is related to beta function of mass of the AD field and is typically negative, satisfying 0.01 < ∼ |K| < ∼ 0.1, and M * is the renormalization scale. The third term (A-term) is a CP an baryon number violating term which induces the AD rotation.
A gauge mediation type Q-ball [20] is formed if V gauge dominates the potential after the AD field starts the oscillation. This is the case when
where φ ≡ √ 2|Φ|, and φ osc denotes the field value at the beginning of the oscillation. We take φ osc as a free parameter in this paper because it depends on an unknown higher-dimensional operater [21] . A typical charge of gauge mediation type Q-ball can be estimated by a linear approximation or numerical simulations, and it is given by [20] 
Here β = 6 × 10 −5 for an oblate orbit ( < ∼ 0.1), where denotes the ellipticity of the field orbit. is usually small in the gauge mediation model, since the A-term, which induces the rotation, is proportional to m 3/2 which is typically small in the gauge mediation model. It is known that nearly the same number of Q-balls and anti-Q-balls are formed when the orbit is oblate, since the net baryon asymmetry is proportional to while the total energy is not suppressed by any powers of [20] . In the following we focus on this case.
The mass, size and mass per unit charge of gauge mediation type Q-ball are given by
respectively, where ζ is an O(1) parameter [22, 23] .
If we consider u c u c d c e c direction, for example, only e c component can annihilate into e + inside Q-balls via gaugino and/or higgsino exchange interactions, for dM Q /dQ < m p , which is satisfied for a large enough Q-ball. Then electric charge is induced on the Q-ball, so we must consider the charged, or gauged Q-ball [9] . From anti-Q-ball e − is emitted, so the electric charge is opposite to that of Q-ball. The electric charge can grow until
since the electric field at the surface of the Q-ball can only grow until E ∼ m 2 e /e, above which e + e − pair production occurs (Schwinger limit).
Evolution of Charged Q-balls until present
We assume that the positively charged Q-balls and negatively charged anti-Q-balls with |Z Q | ∼ α −1 are formed well before the BBN epoch, as shown in Ref. [8] . We consider the case that they eventually account for dark matter of the universe, i.e:
GeV (11) where ρ DM and s are the dark matter energy density and entropy density in the present universe, respectively. Charged Q-balls and anti-Q-balls are expected to capture other charged particles in the universe 2 . Since the number densities of (anti-) Q-balls must be extremely small in order to compose the dark matter, or to satisfy Eq. (11), due to their heavy masses (See footnote 2), the recombination has almost no effect on the abundance of the other particle species, so that the BBN is not ruined. In Ref. [8] , we showed that for
where Q is baryon charge of the Q-ball, the size of the charged Q-ball with
becomes smaller than the Bohr radius, so we approximate the electric potential in the outer region as the Coulomb type potential (∼ 1/r). This allows us to treat the charged Q-balls as extremely heavy nuclei.
In the following, we roughly estimate when the recombination occurs for positively charged Q-balls and negatively charged anti-Q-balls, and discuss whether they become neutral (like atoms) or charged (like ions) eventually, so that we can identify the final relics in the present universe. We discuss positively charged Q-balls in the next subsection, and then discuss negatively charged anti-Q-balls in Sec. 3.2.
2 Since the Q-balls are extremely heavy and the number densities are very small, we can safely ignore the (Q-ball)+(anti-Q-ball) reactions. For example, the typical gauge mediation type Q-ball, which is our case, has the baryon (lepton) charge Q ∼ 10 30 and mass M Q = M F Q 3/4 ∼ 10 28 GeV for M F ∼ 10 6 GeV.
Positively charged Q-balls
The positively charged Q-balls can capture negatively charged particles, but they all annihilate except electrons at low temperature, so we consider the recombination with electrons 3 .
First, we estimate when the recombination starts, or 1S bound state is formed:
where Q means the charged Q-ball and 1S means that the charged Q-ball is surrounded by one electron. The cross section from the free state to the 1S bound state, which we assumed as a hydrogen-type bound state, is evaluated in Ref. [25] :
where v is the relative velocity of the bare Q-ball and electron and E bin is binding energy.
In the second line, we assumed that m e v 2 /2 ∼ T E bin , which corresponds to our case as we will see below. The thermal-averaged cross section is evaluated as [26] σv
Then n e σv /H ∼ 10 12 n e /n γ 10 −10
where H is Hubble parameter and we assumed radiation dominated universe. This is larger than unity for a wide range of temperature, which allows us to use Saha's equation,
where the subscripts represent number densities of corresponding particles and the superscript EQ means the thermal equilibrium value. This leads to
Then, from the condition n 1S /n Q ∼ 1, we can roughly estimate when 1S state is formed as
where we used n e /n γ ∼ O(10 −10 ), and E (1S,e) bin
e m e /2 m e /2 since we assume the Coulomb type potential.
Next, we consider an era when the universe become cool enough so that Q +1 ions can exist, which means that the Q-ball become completely neutral if it captures one more electron. Let us consider the following process:
where Q 0 indicates the Q-ball neutralized by electrons. If we could use the Saha's equation,
we would estimate when the final electron is captured, by the same analysis as above:
Here we assumed that the screening of the orbiting electrons make the binding energy smaller than that of hydrogen 13.6 eV, which is true for large enough (Z > 36) elements [27] . We used a typical value 10 eV. Then we see that T (neu,e) c is slightly smaller than the protonelectron recombination temperature. This implies that electrons are recombined with protons and the number of free electrons rapidly decreases before the process of Eq. (21) occurred. Therefore, it is unlikely that the Q-ball "atom" Q 0 forms at a temperature of T = T (neu,e) c . In addition, our assumption that Q +1 ions can exist may not be correct in the first place, since even the temperature at which Q +1 ions are formed may be smaller than the proton-electron recombination temperature, for instance if we naively assume that the second ionization energy is twice the first ionization energy. Thus we expect that Q +O(1) ions are likely to be formed, since we have no rigid information about ionization energies of Z ∼ 137 atoms.
Negatively charged anti-Q-balls
The negatively charged anti-Q-balls can capture the positively charged particles. Mainly protons and heliums remain after BBN, so we consider the recombination with them. Even if we take into account the difference in mass and charge of proton and helium compared to that of electron, n p σv /H and n He σv /H are still larger than unity. Therefore, we can use the Saha's equations:
As before, we can roughly estimate when 1S state with proton is formed:
where we used E (1S,p) bin
p m p /2 m p /2 since, again, we are assuming the Coulomb type potential. Thus, proton is captured before helium is formed.
Next, we consider an era when the universe became cool enough so thatQ −1 ions can exist, which means that the anti-Q-ball will become neutral if it captures one more proton. We can estimate when the final proton is captured:
Here, as the binding energy, we used 10 keV, which is the approximate value used in the previous subsection corrected by a factor of mass ratio ∼ m p /m e . The anti-Q-balls become neutral much earlier than proton-electron recombination unlike the case of Q-ball-electron recombination, because the bound state becomes more difficult for photons to destruct, due to the heaviness of protons.
There are yet plenty of free protons in this era, soQ 0 s are actually formed at T (neu,p) c
. Here we only considered the recombination with protons, but since the binding energy of helium toQ −1 is 16 times that of proton, 4 He +2 is easier to be captured. On the other hand, the protons start to be captured before the heliums are formed at T ∼ 0.1 MeV, so which element is mainly captured is non-trivial. If the helium is captured toQ −1 ,Q −1 -He +2 bound state may be formed as well, which is positively charged but cannot capture electrons for the same reason as Q +1 in the previous section. We illustrate our results in Fig. 1 .
Constraints from MICA experiment
Various experiments sensitive to electromagnetic processes and upper bounds on the flux of the charged Q-ball relics are presented in Ref. [10] . The most stringent comes from MICA experiment [14] ,
where they have not observed any trails of heavy atom-like or ion-like object in 10 9 years old ancient mica crystals. Since detection time effectively becomes the age of the mica, its constraint is much severer than those from other experiments. The original purpose of the experiment is to detect the flux of magnetic monopoles which form the bound states with 27 Al or other elements in the Earth, through a magnetic-dipole-magnetic-monopole interaction. These bound states can be regarded as supermassive atoms or ions, to which the detector is sensitive, since it is designed to be sensitive to atoms and ions with Z > ∼ 10. Relics from positively charged Q-balls can also be regarded as heavy +O(1) charged ions with Z ∼ α −1 = 137, and thus the detector is sensitive to them as well. Relics from negatively charged anti-Q-balls are like atoms or +O(1) ions with about 10 3 times heavier orbiting particles and with inverted charge sign between nucleus and orbiting particle. We do not know whether the detector is sensitive to these objects or not, since the stopping power in the experiment is fitted to the cases of realistic atoms and ions [28] . But even if the detector is sensitive to the objects, the constraint on the mass will almost be the same as the case we neglected their existence, since n Q and nQ are of the same order and the detector cannot identify the signals from different origins, only identifying that each stopping power has exceeded the threshold. Furthermore, the (anti-) Q-ball is so heavy that whether the orbiting particles are electrons or protons virtually has no effect on total mass. This situation is analogous to the case of monopoles, where we cannot identify whether 27 Al or 55 Mn is captured to the monopole from the experiment. In any case, dark matter flux is given by
where ρ DM is dark matter energy density near the solar system, and v is the Virial velocity of the Q-balls. Thus, using ρ DM ∼ 0.3 GeV/cm 3 and v ∼ 10 −3 , we obtain the following constraint on the mass of (anti-) Q-ball:
This is quite a severe constraint since it almost reaches the typical mass of the Q-ball, and in turn constrains φ osc via Eq. (7). In order to obtain the condition on M F and the reheating temperature T RH , we derive a relation of φ osc and reheating temperature T RH as
where 
Using this relation and Eq. (7), Eq. (29) becomes
which is indeed a constraint on M F and T RH .
In Fig. 2 , we illustrate the allowed region of M F and T RH , using the analogous method to that in Ref. [12] , where the authors focused on IceCube and BAKSAN constraints on the neutral Q-ball dark matter. The MICA constraint Eq. (32) corresponds to the solid line in the figure.
The horizontal dotted lines indicate the condition that the gauge mediation effect dominates the potential of the Q-ball, which is given by Eq. (6). Using Eq. (31), Eq. (6) becomes
which indeed corresponds to the horizontal dotted lines in Fig. 2 . We adopted k = 10 [12] . mediation type Q-ball, so we must consider the case of gravity mediation domination, where the horizontal lines become upper bounds. The Q-ball when the gravity mediation dominates is called new type Q-ball, which is beyond the scope of this paper.
It is known that the Higgs boson mass at around 126 GeV leads to [15, 30] 
Since the SUSY breaking scale is usually assumed to be small compared to the messenger mass
Eq. (34) becomes
Then, using Eq. (4), it reduces to
which corresponds to the vertical dashed line in Fig. 2 . For a Q-ball with baryon charge bQ, the electric charge Q electric must not be too large in order to be stable against baryonic decay [8] , which leads to
Thus, we obtain
where we used thin-wall approximation on charged Q-ball [9] in the second line, and b = 1/3 for the u c u c d c e c flat direction, for example. The condition that above is satisfied for the eventual electric charge
Using Eq. (7) and Eq. (30), we obtain
which corresponds to the dashed-dotted line in Fig. 2 . Finally, as mentioned in the previous section, we consider the (anti-) Q-ball smaller than Bohr radius so that the potential the external particles experience can be approximated into Coulomb-type potential. Thus, the following condition must be satisfied, 
where we used, again, Eqs. (7) and (30) . This corresponds to the thin line in Fig. 2 . We see that this condition is automatically satisfied by virtue of the other conditions, which means that the other conditions constrain the (anti-) Q-balls to be smaller than Bohr radius so that the Coulomb type potential can be used. The IceCube and BAKSAN constraints are shown at the upper left for comparison. We see that the MICA constraint is more stringent than that from IceCube and BAKSAN, where only the KKST process is probed. This makes the allowed region smaller.
Conclusions and discussion
In this paper, we considered nearly equal number of gauge mediation type charged Q-balls and anti-Q-balls with charge of α −1 , as expected from Ref. [8] , and discussed how they evolve in time and what kinds of objects become relics in the present universe. We roughly estimated that the positively charged Q-balls start to capture electrons at T ∼ 8.6 keV, and eventually become Q +O(1) ions, since the number of free electrons decreases due to the recombination with protons before the Q-ball can capture further electrons. The negatively charged (anti-) Q-balls start to capture protons at T ∼ 8.6 MeV, and after the BBN, helium and the other light elements can also be captured. Anti-Q-balls are neutralized by the final proton or positively charged by the final 4 He at T ∼ 10 −1 keV, since it is earlier than the proton (helium) -electron recombination so the plenty of protons and heliums exist. The Q +O(1) ions from the Q-balls can be treated as ordinary ions since the potential is nearly Coulomb type. Thus, they are detectable by MICA experiment, where no trail of heavy atom-like or ion-like object is observed in 10 9 years old ancient mica crystals. This gives the most stringent constraint on the flux of the objects, which are assumed to compose the dark matter, among the constraints obtained in Ref. [10] , since the detection time is extremely long which is essentially the age of the mica. We translated the constraint into that on the gauge mediation model parameter M F and reheating temperature T RH , as done in Ref. [12] for the IceCube and BAKSAN constraints on the neutral Q-ball dark matter. As a result, we found that the MICA constraint is more severe than that from IceCube and BAKSAN, so the allowed region in M F -T RH becomes smaller. Identifying the relics from Q-balls and those from anti-Q-balls observationally, which includes examining the properties of (anti-Q-ball)+(nucleus) bound state, will be one of our future tasks. Also, we assumed u c u c d c e c -like flat direction which includes only electron as the leptonic component. However, if we consider the direction which includes neutrino component, for example QQQL, the scenario may differ from what we pursued so far, and interesting in its own right. For instance, due to the decay into neutrinos, the Q-ball may have SU (2) charge, and we may need a fundamental theory of non-abelian gauged Q-ball. Finally, the Q-ball when the gravity mediation dominates is not discussed in this paper, which is called new type Q-ball. New type Q-ball has different properties from gauge mediation type Q-ball, including its mass, size, and typical charge etc., and identifying the relics and investigating the possibility as dark matter will also be of our future interest.
